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Abstract. Hollow flange channel section is a cold-formed high-strength and thin-walled steel section 
with a unique shape including two rectangular hollow flanges and a slender web. Due to its mono-
symmetric characteristics, it will also be subjected to torsion when subjected to transverse loads in 
practical applications. Past research on steel beams subject to torsion has concentrated on open sections 
while very few steel design standards give suitable design rules for torsion design. Since the hollow 
flange channel section is different from conventional open sections, its torsional behaviour remains 
unknown to researchers. Therefore the elastic behaviour of hollow flange channel sections subject to 
uniform and non-uniform torsion, and combined torsion and bending was investigated using the 
solutions of appropriate differential equilibrium equations. The section torsion shear flow, warping 
normal stress distribution, and section constants including torsion constant and warping constant were 
obtained. The results were compared with those from finite element analyses that verified the accuracy 
of analytical solutions. Parametric studies were undertaken for simply supported beams subject to a 
uniformly distributed torque and a uniformly distributed transverse load applied away from the shear 
centre. This paper presents the details of this research into the elastic behaviour and strength of hollow 
flange channel sections subject to torsion and bending and the results. 
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1. Introduction 
 
Hollow flange channel (HFC) section is a cold-formed high-strength and thin-walled steel 
section produced using a patented dual electric resistance welding and automated continuous 
roll-forming process. It has a unique mono-symmetric channel shape comprising two 
rectangular hollow flanges and a slender web (see Fig. 1). It can be used as flexural members 
in residential, commercial and industrial buildings. Many experimental and numerical 
investigations have been undertaken in the past on HFC flexural members at Queensland 
University of Technology. These investigations were aimed at determining the member 
moment capacities when they were subjected to lateral distortional and lateral torsional 
buckling [1-6], the section moment capacities [7,8] and finally the shear capacities [9-13]. 
They focused on hollow flange channel sections subject to bending action only, which means 
that they were subjected to transverse loads applied at the shear centre and that member 
torsion is precluded. 
 
Due to its mono-symmetric characteristics, hollow flange channel section beams will also be 
subjected to torsion since the transverse loads are applied away from the shear centre. 
However, torsion is often ignored because it is commonly thought to occur rarely, and when it 
occurs, it is considered unimportant. Further, difficulties in predicting the effects of torsion 
discourage designers from considering torsion. Past research on torsion in steel members has 
concentrated on open sections, typically cold-formed steel channel sections [14,15] and hot-
rolled steel I-sections [16-18]. At the same time very few cold-formed steel design standards 
provide suitable design rules for steel members subject to torsion. Trahair and Pi [19], Pi and 
Trahir [20,21] and Trahair and Bradford [22] proposed some design methods for steel 
members subject to torsion. But their design methods and related equations are mainly based 
on the analysis of hot-rolled I-section members. 
 
Hollow flange channel section has a unique shape including two closed rectangular flanges 
and a slender web, and thus is quite different from conventional open sections. Its torsional 
behaviour remains unknown to researchers and designers until now. Therefore in this research 
the elastic behaviour and strength of hollow flange channel sections subject to uniform 
torsion, non-uniform torsion and combined torsion and bending were investigated using 
differential equilibrium equations. The results were then compared with finite element 
analysis results. Parametric analyses were undertaken for simply supported beams subject to 
both uniformly distributed torques, and uniformly distributed transverse loads applied away 
from the shear centre. This paper presents the details of this research into the elastic 
behaviour and strength of hollow flange channel section beams subject to torsional and 
bending actions. 
 
2. Hollow flange channel sections subject to torsion 
 
The section is in a state of uniform torsion when both the rate of change of the angle of twist 
and the longitudinal warping deflections are constant along the member. The torque acting at 
any cross-section is only resisted by the shear stresses distributed around the cross-section. 
Otherwise, it is in a state of non-uniform torsion where the torque is resisted by additional 
warping shear stresses in conjunction with the shear stresses due to uniform torsion. Whether 
a member is in a state of uniform torsion or non-uniform torsion depends on the loading 
arrangement and the warping restraints. In most practical cases non-uniform torsion is 
encountered.  To understand the torsional behaviour of hollow flange channel sections, 
uniform torsion is investigated first, followed by the analysis of non-uniform torsion. 
 
2.1. Uniform torsion 
 
Hollow flange channel section has a unique shape including two closed rectangular flanges 
and a slender web. The uniform shear flow, which is the product of shear stress and wall 
thickness, could be assumed as ݍ in both closed flanges (see Fig. 2(a)) while the shear flow 
in the web could be assumed to be zero. To determine the shear flow, the section is cut at 
points “B” and “C” to make it an imaginary open section (see Fig. 2(b)). There would be 
relative longitudinal displacements at the cut edge due to the actions of torque and shear flow. 
These relative longitudinal displacements can be written as Eqs. (1) and (2), respectively. 
ݑு ൌ െߠᇱሺݖሻߗଵ ൌ െ2ܾܽߠᇱሺݖሻ                                    (1) 
ݑ௤ ൌ ݍ ∮ ௗ௦ீ௧ ൌ
ଶ௤
ீ௧ ሺܽ ൅ ܾሻ                              (2) 
where ߠᇱሺݖሻ is the rate of change of the twist angle, ߗଵ is twice the area enclosed by one 
rectangular flange, ܩ  is the shear modulus of elasticity, and ∮݀ݏ  denotes integration 
around the periphery of one flange. 
 
The sum of Eqs. (1) and (2) should be zero since there are no relative longitudinal 
displacements in the section. Thus the shear flow in the hollow flanges is given by Eq. (3). 
The uniform torque could be subsequently obtained by using Eq. (4), and the section torsion 
constant is given by Eq. (7). 
ݍ ൌ ௔௕ఏᇲீ௧ሺ௔ା௕ሻ                                                                (3) 
ܪ ൌ 2ߗଵݍ ൌ ସ௔
మ௕మఏᇲீ௧
ሺ௔ା௕ሻ                                                      (4) 
ܬௗଵ ൌ ுீఏᇲ ൌ
ସ௔మ௕మ௧
ሺ௔ା௕ሻ                                                          (5) 
ܬௗଶ ൌ ଶଷ ݄ݐଷ                                                               (6) 
ܬௗ ൌ ସ௔
మ௕మ௧
ሺ௔ା௕ሻ ൅
ଶ
ଷ ݄ݐଷ                                                         (7) 
where ܬௗଶ is the web contribution to the section torsion constant, which is much smaller than 
ܬௗଵ. Therefore it could be neglected in Eq. (7). 
 
2.2. Non-uniform torsion 
 
2.2.1. Differential equilibrium equation 
For a member in a state of non-uniform torsion, the torque is resisted by additional warping 
shear stresses in conjunction with the shear stresses due to uniform torsion. The resultant of 
warping shear stresses is named warping torque while the resultant of shear stresses due to 
uniform torsion is called uniform torque. The sectional total torque ܮሺݖሻ is the sum of 
warping and uniform torques. This is given by Eq. (8), which is the differential equilibrium 
equation for non-uniform torsion of multi-cell section [23].  
ܮሺݖሻ ൌ ܩܬௗߠᇱሺݖሻ െ ܧଵܬఠഥߚᇱᇱᇱሺݖሻ                                               (8)            
where ܧଵ is the converted modulus of elasticity, given by Eq. (9), ߚሺݖሻ is the generalized 
displacement, the relation between ߚሺݖሻ and rotation angle ߠሺݖሻ given by Eq. (10),  ܬఠഥ  is 
the principal warping constant, given by Eqs. (12) to (14). 
ܧଵ ൌ ாଵିఓమ ൎ ܧ                                                            (9)           
ߚᇱሺݖሻ ൌ ଵజ ൤ߠᇱሺݖሻ െ
௅ሺ௭ሻ
ீ௃ഐ൨                                                    (10)            
ܬఘ ൌ ׬ߩଶሺݏሻ ݀ܨ                                                          (11)            
ܬఠഥ ൌ ׬ ഥ߱ଶ ሺݏሻ݀ܨ                                                         (12)            
ഥ߱ሺݏሻ ൌ ߱ሺݏሻ െ ׬
೜೏ೞ
ಸ೟
ೞ
బ
ఏᇲ                                                       (13)            
߱ሺݏሻ ൌ ׬ ߩሺݏሻ݀ݏ௦଴                                                         (14) 
In the above equations, ܧ is Young’s modulus of elasticity, ߤ is Poisson’s ratio, ߥ ൌ 1 െ
ܬௗ ܬఘ⁄ , named warping factor, reflecting the warpage of the section, and ܬఘ given by Eq. (11) 
is named the orientation moment of inertia of the section, in which ߩሺݏሻ is the perpendicular 
distance from the shear centre to the tangent of a point on the s axis; ߱ሺݏሻ is principal  fan-
shaped area coordinate, ഥ߱ሺݏሻ  is generalized principal fan-shaped area coordinate; and 
݀ܨ ൌ ݐ݀ݏ is integral area. 
 
Using the first derivative of both sides of Eq. (8), and assuming that ܮሺݖሻ is no more than a 
quadratic polynomial, the differential equilibrium equation can be written as Eq. (15). 
ߠᇱᇱᇱᇱሺݖሻ െ ቀ௞௟ቁ
ଶ ߠᇱᇱሺݖሻ ൌ ௠ሺ௭ሻజாభ௃ഘഥ                                    (15) 
where 
݉ሺݖሻ ൌ െ݀ܮሺݖሻ ݀ݖ⁄                                           (16) 
݇ ݈⁄ ൌ ටீ௃೏జாభ௃ഘഥ                                      (17) 
2.2.2. Section constants 
To get the fan-shaped area coordinates and the generalized fan-shaped area coordinates, the s-
axis coordinate of every point along the section mid-line periphery should be determined. 
This requires a starting point, and a polar point is also needed for determining the polar radius, 
that is the perpendicular distance from the polar point to the tangent of a point on the s-axis. 
These two points are called zero point and polar point for fan-shaped area coordinates, 
respectively. Obviously, different selections of these two points would give different results. 
Two special points exist, called zero point and polar point for principal fan-shaped area 
coordinates, respectively. The former is located at the intersections of symmetrical axes and 
section midlines while the latter is just the sectional shear centre.  
 
To find the shear centre location, the section is assumed to be cut at “B” and “C”, and the 
point numbers around the section are illustrated in Fig. 3. Due to the section symmetry about 
x axis, only one half of the section is calculated.  The centroid “o” is chosen as a temporary 
polar point while Point “1” is chosen as s-axis initial point, which is the zero point for fan-
shaped area coordinate calculations. The calculation sequences around the section are: 
1 → 2 → 3 → 4 → 5 → 6. The resulting fan-shaped area and generalized fan-shaped area 
coordinates denoted as ߱ை and ഥ߱ை are given by Eqs. (18) and (19), respectively. In Eq. 
(18), ߩሺݏሻ denotes the perpendicular distance from the temporary polar point to the tangent 
of a point on the s-axis.  
߱ைሺݏሻ ൌ ׬ ߩሺݏሻ݀ݏ௦଴                                     (18) 
ഥ߱ைሺݏሻ ൌ ߱ைሺݏሻ െ ׬
೜೏ೞ
ಸ೟
ೞ
బ
ఏᇲ                                     (19) 
The shear centre location ܣሺݔ஺	, ݕ஺ሻ can be obtained by Eqs. (20a) and (20b). 
ݔ஺ ൌ ݔை ൅ ߙ௫                                               (20a) 
ݕ஺ ൌ ݕை ൅ ߙ௬                                         (20b) 
where 
ߙ௫ ൌ ܬఠഥೀೣ ܬ௫⁄                                           (21a) 
ߙ௬ ൌ െܬఠഥೀ೤ ܬ௬⁄                                           (21b) 
ܬఠഥೀೣ ൌ ׬ ഥ߱ை ݕ݀ܨ                                         (22a) 
ܬఠഥೀ೤ ൌ ׬ ഥ߱ை ݔ݀ܨ                                   (22b) 
ܬ௫ ൌ ׬ݕଶ ݀ܨ                                                           (23a) 
ܬ௬ ൌ ׬ݔଶ ݀ܨ                                                           (23b) 
The shear centre must be located on a symmetrical axis, that gives ߙ௬ ൌ 0. At the same time, 
ݔை ൌ ݕை ൌ 0, so the coordinates of the shear centre can be calculated as follows. 
ݔ஺ ൌ ߙ௫                                                     (24a) 
ݕ஺ ൌ 0                                                            (24b) 
After the determination of the shear centre location, the generalized principal fan-shaped area 
coordinates can be calculated using Eqs. (25) to (27). 
ഥ߱ሺݏሻ ൌ ഥ߱ைሺݏሻ ൅ ߙ௬ݔ െ ߙ௫ݕ ൅ ܥ                                       (25) 
ܥ ൌ െܵఠഥೀ ܨ⁄                                                            (26) 
ܵఠഥೀ ൌ ׬ ഥ߱ை ݀ܨ                                                           (27) 
where ܨ  is the sectional area. Due to the ഥ߱ை  anti-symmetrical property about x-axis, 
ܵఠഥೀ ൌ 0 and ܥ ൌ 0. As mentioned before, ߙ௬ ൌ 0. Thus Eq. (25) is simplified to Eq. (28). 
ഥ߱ሺݏሻ ൌ ഥ߱ைሺݏሻ െ ߙ௫ݕ                                                     (28) 
 
Details of nine hollow flange channel sections chosen in the analyses are listed in Table 1. 
The results of the shear centre locations and generalized principal fan-shaped area 
coordinates of these sections are also presented in the same table. Subsequently the principal 
warping constant ܬఠഥ  and the orientation moment of inertia ܬఘ can be obtained by Eqs. (12) 
and (11), respectively. The obtained principal warping constants of these sections are listed in 
Table 1. Table 2 presents the torsion constant calculated by Eq. (7), the orientation moment 
of inertia and the resulting warping factor. It could be seen that the warping factors of these 
sections are closer to 1.0. This means the warping of hollow flange channel section should be 
significant, and this property is similar to open sections. 
 
In non-uniform torsion, the warping displacements vary along the span of the member while 
longitudinal strains and corresponding longitudinal warping normal stresses are induced. 
These stresses define the bimoment stress resultant given as Eq. (29). The relationship 
between the warping normal stresses and the bimoment can also be given by Eq. (30). It 
could be seen that the generalized principal fan-shaped area coordinates actually reflect the 
warping normal stress distribution in a section, which is illustrated in Fig. 4. The warping 
normal stresses are anti-symmetric about x-axis, so only half the section distribution is given 
in the figure. It can be concluded that the maximum absolute value belongs to Point “5”, 
which indicates the maximum longitudinal warping normal stress in a section. 
ܤሺݖሻ ൌ ׬ߪఠഥ ሺݖ, ݏሻ ഥ߱ሺݏሻ݀ܨ                                              (29) 
ߪఠഥ ሺݖ, ݏሻ ൌ ஻ሺ௭ሻ௃ഘഥ ഥ߱ሺݏሻ                                                     (30) 
 
 
2.3. Behaviour and strength of steel members in torsion 
 
Very few steel design standards provide design rules for steel members subject to torsion. 
Trahair and Pi [19], Pi and Trahair [20,21] and Trahair and Bradford [22] proposed four 
design methods for steel members subject to torsion, namely, plastic design, first hinge 
design, first yield design and local buckling design. The first yield design method is adopted 
in this paper since most cold-formed steel member section capacities are based on first yield 
principles [24]. 
 
2.3.1. The first yield uniform torque and the first yield bimoment 
In the first yield design, the member strength is assumed to have been reached when the most 
heavily strained cross-section starts to yield. Pi and Trahair [20] and Trahair and Pi [19] 
present the first yield design rules for torsion ( Eqs. (31) and (32) ). 
ܯ௨∗ ൑ ߶ܯ௨௬                                                           (31) 
ܤ∗ ൑ ߶ܤ௬                                                      (32) 
where ܯ௨∗  is the maximum design uniform torque, ܤ∗ is the maximum design bimoment, 
ܯ௨௬ is the first yield uniform torque, ܤ௬ is the first yield bimoment, and ߶ is the capacity 
factor, equal to 0.9. According to Eq. (4), the first yield uniform torque is reached when the 
shear stress is equal to the shear yield stress, ߬௬, that is,  
ܯ௨௬ ൌ 2ߗଵ߬௬ݐ ൌ 4ܾܽ߬௬ݐ                                                   (33) 
As illustrated in Fig. 4, the maximum warping normal stress should occur at Point “5” in a 
section, which possesses the maximum generalized principal fan-shaped area coordinate. The 
first yield bimoment is reached when the warping normal stress at Point “5” is equal to the 
yield stress ௬݂, that is, 
ܤ௬ ൌ ௬݂ܬఠഥ / ഥ߱ହ                                                            (34) 
 
2.3.2. Torsion strength 
In this section simply-supported hollow flange channel section members subject to a 
uniformly distributed torque along their spans are analysed (see Fig. 5). Nine hollow flange 
channel sections listed in Table 1 were selected with their spans varying from 2m to 10m. 
The steel grade is G450, with a yield stress ௬݂ ൌ 450MPa  and a shear yield stress  
߬௬ ൌ 270MPa. 
 
As described in the previous section, the differential torsion equilibrium equation can be 
written as Eq. (15), in which m is a constant for a uniformly distributed torque action. This 
equation can be resolved by using the initial parameter method [23] described in Appendix B. 
The values of  ߠሺݖሻ, ߠᇱሺݖሻ	, ܤሺݖሻand	ܮሺݖሻ at any cross-section can be obtained, they are 
given by Eqs. (B.27), (B.28), (B.29) and (B.30) respectively. The maximum uniform torque 
occurs at the beam ends while the maximum bimoment occurs at the beam mid-span. The 
design uniform torque and the design bimoment can be written as Eqs. (35) and (36), 
respectively.  
ܯ௨∗ ൌ ܩܬௗߠᇱሺ0ሻ ൌ ௠௟ଶ ቂ1 ൅
ଶሺଵି௖௛௞ሻ
௞௦௛௞ ߭ቃ                                       (35) 
ܤ∗ ൌ ܤ ቀ௟ଶቁ ൌ
௠௟మజ
௞మ ቂ1 െ ݄ܿ
௞
ଶ ൅ ݏ݄
௞
ଶ ∙
ሺ௖௛௞ିଵሻ
௦௛௞ ቃ                                   (36) 
According to the first yield design method, Eqs. (31) and (32) should be satisfied 
simultaneously, and the maximum design value ݉∗ of uniform distributed torque action and 
design torsion capacity  ܯ௧ ൌ ݉∗݈ 2⁄   are obtained when these two equations are just 
satisfied. The obtained design torsion capacities for nine hollow flange channel sections with 
span varying from 2m to 10m are shown in Fig. 6. It is seen that the torsion capacities of the 
sections with the same flanges are close to each other, and their differences become 
negligible with increasing span. This could be seen for the first three sections, with 
dimensions 300ൈ75ൈ25ൈ3.0, 250ൈ75ൈ25ൈ3.0 and 200ൈ75ൈ25ൈ3.0, for Sections 6 and 7 
with dimensions 300ൈ60ൈ20ൈ2.0 and 200ൈ60ൈ20ൈ2.0, and also for Sections 8 and 9 with 
dimensions 200ൈ45ൈ15ൈ2.0 and 150ൈ45ൈ15ൈ2.0. It is concluded that for the same flange 
size greater section depth contributes little torsion capacity increases, especially for long span 
members. On the contrary, for the same section depth, greater flange size could improve the 
torsion capacity significantly.  This can be confirmed by Sections 1 and 4 with dimensions 
300ൈ75ൈ25ൈ3.0 and 300ൈ60ൈ20ൈ3.0, and by Sections 7 and 8 with dimensions 
200ൈ60ൈ20ൈ2.0 and 200ൈ45ൈ15ൈ2.0. Fig. 6 also demonstrates that for the same section 
depth and flange size, the effect of wall thickness is obvious. This is observed for Sections 4, 
5 and 6 with dimensions 300ൈ60ൈ20ൈ3.0, 300ൈ60ൈ20ൈ2.5 and 300ൈ60ൈ20ൈ2.0. This 
proves that increasing thickness will contribute considerably to torsion strength. 
 
 
3. Finite element analyses of hollow flange channel sections subject to torsion 
 
3.1. Finite element model description 
 
To verify the accuracy of the proposed equations and calculations in the last section, ANSYS 
13.0 was used to conduct finite element analyses (FEA) of simply-supported hollow flange 
channel section members subject to a uniformly distributed torque. The beam element in 
ANSYS called BEAM189 was used to develop the model. The BEAM189 element is suitable 
for analysing slender to moderately thick beam structures. The element is a quadratic three-
node beam element in 3-D, and provides options for unrestrained warping and restrained 
warping of cross-sections. With default settings, six degrees of freedom occur at each node 
including translations in x, y, and z axes and rotations about x, y, and z axes. An optional 
seventh degree of freedom (warping magnitude) is also available. The element is well-suited 
for linear, large rotation, and/or large-strain nonlinear applications. 
 
The hollow flange channel section was built by reading a user-defined section mesh in 
ANSYS. The section was meshed into 32 cells, as illustrated in Fig. 7(a). The beam model 
was meshed differently into 20 to 100 elements for 2m to 10m span beams. Fig. 7(b) 
illustrates the typical beam model with 2m span. The warping degree at each node was 
activated, which means there are seven degrees at each node. One end of the beam was fixed 
against x, y, z translations and rotation about x-axis while the other end was fixed against y, z 
translations and rotation about x-axis. A uniformly distributed torque of  1N ∙ m/m was 
applied, which was uniformly distributed at the element nodes along the beam model. A 
linear elastic material model was considered, with Young’s modulus of elasticity ܧ ൌ
200GPa  and Poisson’s ratio  ߤ ൌ 0.3 .  
 
3.2. Validation of the finite element model  
 
To validate the developed finite element model, simply-supported cold-formed lipped 
channel section members subject to a uniformly distributed torque were also analysed. Two 
cold-formed lipped channel sections reported in [25] were used in these analyses. Table 3 
shows the dimensions of these two sections. Fig. 8(a) shows the section cells of the lipped 
channel section, while Fig. 8(b) shows the beam model. The boundary conditions, load 
distributions and material model are the same as those of hollow flange channel sections 
described earlier. Fig. 9 shows the twisting of lipped channel section after loading. The cross-
sectional properties of the two cold-formed channel sections given by FEA are presented in 
Table 4. Put et al.’s [25] results obtained from THIN-WALL are also presented in this table. 
A good agreement between the two sets of results indicates that the developed finite element 
models are reliable. 
 
Yu and LaBoube [26] summarized torsional analysis methods for open cold-formed sections. 
They include the equations from [27] for the angle of rotation for beams with pinned ends. 
The angle of rotation for open section beams subject to a uniformly distributed torque is 
given by Eq. (37), in which ൌ ඥܩܬ ܧܫఠ⁄  , and the bimoment is given by Eq. (38).  
ߠሺݖሻ ൌ ௠ீ௃ఒమ ቂ
ఒమ௟మ
ଶ ቀ
௭
௟ െ
௭మ
௟మቁ ൅ ݄ܿߣݖ െ ݐ݄
ఒ௟
ଶ ݏ݄ߣݖ െ 1ቃ                              (37) 
ܤሺݖሻ ൌ െܧܫఠߠᇱᇱሺݖሻ                                                       (38) 
 
The maximum angle of rotation ߠሺ݈/2ሻ and the maximum bimoment ܤሺ݈/2ሻ at mid-span 
as m=1 were obtained from the above equations and are compared with the corresponding 
FEA results in Table 5 for the two cold-formed channel sections with three different spans, 
1m, 2m and 3m. It can be seen that the FEA results agree very well with the predictions from 
the above equations. This demonstrates that the boundary conditions and load distributions in 
the developed finite element model are appropriate.  
 
3.3. Comparison of FEA results with theoretical results 
 
The validated finite element model was used to conduct the analyses of the nine hollow 
flange channel sections listed in Table 1, with their spans varying from 2m to 10m. All the 
analysis processes were implemented by ANSYS command lines. The torsion constant, the 
shear centre and the principal warping constant given by FEA were compared with the 
corresponding results obtained by the proposed equations in the last section. Table 6 presents 
these results including the ratios of the results. It can be seen that the results obtained from 
the proposed equations are very close to those given by FEA. This demonstrates the accuracy 
of the proposed calculation methods and equations in Sections 2.1 and 2.2 for uniform and 
non-uniform torsion of hollow flange channel sections. 
 
Fig. 10 illustrates the twisting of Section 1 with 2m span, for which the maximum angle of 
twist occurs at mid-span (0.147E-04 rad). The results obtained by Eq. (B.27) as m=1 and 
z=l/2 is 0.153E-4 rad, which gives a ratio of 1.041. The comparisons of mid-span twist angles 
for Sections 1, 4, 7 and 8 subject to a uniformly distributed torque of  1N ∙ m/m with spans 
varying from 2m to 10m are given in Fig. 11. It shows that the results from Eq. (B.27) and 
ANSYS agree well. Noticeable differences in the angle of twist can be seen in Fig. 11 for 
HFC sections with the same depth due to the difference in flange sizes (compare Sections 1 
and 4, and Sections 7 and 8). Fig. 12 illustrates the comparison of mid-span bimoment for 
Section 1. It shows that the results from Eq. (B.29) as m=1 and z=l/2 also coincide with the 
results given by ANSYS. These consistencies prove the accuracy of the proposed calculation 
formulae provided in Appendix B and those adopted in Section 2.3. 
 
4. Hollow flange channel sections subject to combined bending and torsion 
 
Most commonly, hollow flange channel section beams are subjected to transverse loads 
applied away from the shear centre, which cause combined bending and torsion action. In this 
section simply supported beams subject to uniformly distributed transverse loads are analysed 
with the loads acting on the top flange through the centre of flange width. Since this load 
application is away from the shear centre, it causes combined bending and torsion (see Fig. 1
3). Nine sections listed in Table 1 with spans varying from 2m to 10m were analysed. The 
linear interaction equation suggested by Pi and Trahair [21] and Trahair and Pi [19] for 
member design subject to combined bending and torsion is adopted. 
ெ∗ೣ
థெ್ೣ ൅
ெ೥∗
థெ೟ ൑ 1                                                           (39) 
where ܯ௫∗ ൌ ݍ݈ଶ 8⁄  and ܯ௭∗ ൌ ሺݍ݁ሻ݈ 2⁄   are the maximum bending and torsional moments 
in the member, respectively, e is the load eccentricity from the shear centre,  ߶ܯ௕௫ is the 
design moment capacity which includes an appropriate allowance for beam lateral buckling, 
and ߶ܯ௧ is the design torsion capacity for the member when loaded in torsion alone, that is 
uniformly distributed torque action as discussed in Section 2.3.2. The capacity reduction 
factor ߶	is suggested to be taken as 1.0 if the maximum bending moment and the maximum 
torsional moment occur at different cross-sections along the member. 
 
According to the Australian cold-formed steel structures standard AS/NZS 4600 [24], the 
bending moment capacity is calculated as follows. 
ܯ௕௫ ൌ ܼ௖ ௖݂                                                              (40) 
where ௖݂ ൌ ܯ௖ ௙ܼ⁄  , ܯ௖ is the critical moment, ௙ܼ is the full unreduced section modulus 
for the extreme compression fibre, and ܼ௖ is the effective section modulus calculated at a 
stress ௖݂  in the extreme compression fibre. The critical moment shall be calculated as 
follows. 
For ߣ௕ ൑ 0.60:	ܯ௖ ൌ ܯ௬                                        (41a) 
For  0.60 ൏ ߣ௕ ൏ 1.336:	ܯ௖ ൌ 1.11ܯ௬ ቂ1 െ ቀଵ଴ఒ
మ್
ଷ଺ ቁቃ                            (41b) 
For  ߣ௕ ൒ 1.336:	ܯ௖ ൌ ܯ௬ ൬ ଵఒమ್൰                                            (41c) 
where ߣ௕ ൌ ඥܯ௬ ܯ௢⁄  is the non-dimensional slenderness ratio, ܯ௬ ൌ ௙ܼ ௬݂ is the moment 
causing initial yield in the extreme compression fibre of the full section. ܯ௢ is the elastic 
buckling moment, determined as follows. 
ܯ௢ ൌ ܥ௕ටగ
మாூ೤
௟మ ቀܩܬௗ ൅
గమா௃ഘഥ
௟మ ቁ                                               (42)            
ܥ௕ ൌ ଵଶ.ହெ೘ೌೣଶ.ହெ೘ೌೣାଷெయାସெరାଷெఱ                                                  (43)            
where ܯଷ, ܯସ, ܯହ are the absolute values of the moments at the quarter point, mid-point 
and three-quarter point of the unbraced segment and ܯ௠௔௫ is the absolute value of the 
maximum moment. 
 
The maximum design value  ݍ∗  for the uniformly distributed transverse load is obtained 
when Eq. (39) is satisfied. Effects of section depth, wall thickness, and flange size on the load 
carrying capacity of hollow flange channel beams are illustrated by Figures 14(a) to (c) for 
spans varying from 2m to 10m. As illustrated in Figures 14(a) and (b), greater section depth 
and thickness contribute to higher load carrying capacity, but the contribution decreases 
gradually with increasing span. The two figures show that for long span members, increasing 
the section depth and thickness does not help much in increasing the load carrying capacity. 
Fig. 14(c) demonstrates that greater flange size could improve the load carrying capacity 
significantly. Despite the higher depth HFC section 300×60×20×3.0 has similar maximum 
design load capacity in comparison with HFC section 200×75×25×3.0. This implies that 
flange size is more influential than section depth for HFC sections subject to torsion and 
bending. 
 
Figures 15(a) to (c) show the ratio of ܯ௫∗/ܯ௕௫ for hollow flange channel sections with 
varying depths and flange sizes. It could be seen in these figures that sections with lower 
depths and smaller flange sizes possess higher ratios of ܯ௫∗/ܯ௕௫  , ie. achieve greater 
percentage of their design moment capacities. This ratio is approaching 1.0 with increasing 
spans, which means long span members are more likely to achieve their design moment 
capacities. These figures show that flange sizes have a greater influence for longer span 
members. They also show that torsion reduces the bending strength significantly, especially 
for short span beams. Long span beams are likely to achieve their design moment capacities. 
 
5. Conclusions 
 
This paper has described the details of an investigation into the elastic behaviour and strength 
of a cold-formed hollow flange channel section subject to torsion and bending. Elastic 
analysis was conducted based on the solution of appropriate differential equilibrium 
equations. Analytical methods for hollow flange channel sections subject to uniform and non-
uniform torsion are described in this paper. The results of section shear flow distribution and 
torsion constant for uniform torsion, and the outcomes of section warping normal stress 
distribution and warping constant due to non-uniform torsion have both been presented here. 
These results agreed well with those obtained from finite element analyses using ANSYS and 
thus confirmed the accuracy of analytical solutions. Based on the first yield design method, 
parametric studies were then undertaken for simply supported hollow flange channel section 
members subject to torsion and combined torsion and bending. 
 
For hollow flange channel sections subject to torsion, the results from this study showed that 
greater flange size and thickness could improve their torsion capacities significantly. 
However, greater section depth provides limited contribution to torsion capacity increases, 
especially for long span members. For hollow flange channel sections subject to combined 
bending and torsion, similar results are obtained for the effects of section depth and flange 
size on the load carrying capacity. Meanwhile, sections with smaller depths or flange sizes 
are able to achieve their design moment capacities more easily. Torsion reduces bending 
strength significantly, especially for short span beams. Beams with long spans are more likely 
to achieve their design moment capacities. Besides the significant effect on the load carrying 
capacity, flange also obviously affects the member’s ability to reach its design moment 
capacity. 
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Appendix A. Nomenclature 
 
  ܽ  flange depth(centre line dimension)      ܾ  flange width(centre line dimension)                
  ݄  one half of web depth                 ݐ  wall thickness 
 	ܱሺݔை, ݕைሻ  centroid                     ܣሺݔ஺, ݕ஺ሻ  shear centre 
  ݍ  shear flow in flange due to uniform torsion   ߠሺݖሻ  angle of twist 
ߠᇱሺݖሻ  rate of change of angle of twist      ߗଵ  twice the area enclosed by one flange  
ݏ  axis along the section middle line        ܩ  shear modulus of elasticity 
ܧ  Young’s modulus of elasticity          ܧଵ  converted modulus of elasticity 
ߤ  Poisson’s ratio                      ܪ   uniform torque 
ܬௗ  torsion constant                     ߚሺݖሻ   generalized displacement 
߱ሺݏሻ principal fan-shaped area coordinate 
  ഥ߱ሺݏሻ generalized principal fan-shaped area coordinate 
߱ைሺݏሻ fan-shaped area coordinate   ഥ߱ைሺݏሻ  generalized fan-shaped area coordinate 
ܬఠഥ   principal warping constant            ݀ܨ ൌ ݐ݀ݏ  integral area 
ݔ, ݕ, ݖ  principal axes                    ܨ  sectional area 
ߩሺݏሻ perpendicular distance from polar point to the tangent of a point on the s-axis 
ܮሺܼሻ total torque                       ܤሺݖሻ  bimoment 
ߪఠഥ ሺݖ, ݏሻ warping normal stress       ܬ௫, ܬ௬ second moments of area about x and y axes 
ܬఘ   orientation moment of inertia         ܯ௨௬  first yield uniform torque 
ܤ௬   first yield bimoment               ܯ௨∗   design uniform torque 
ܤ∗   design bimoment                  ߶   capacity factor 
௬݂    yield stress                      ߬௬  shear yield stress 
ܯ௫∗   the maximum bending moment      ܯ௭∗  the maximum torsion action 
߶ܯ௕௫  design moment capacity           ߶ܯ௧  design torsion capacity  
ߣ௕   non-dimensional slenderness ratio     ܯ௬  first yield moment 
ܯ௢  elastic lateral buckling moment 
 
 
 
 
 
 
Appendix B. Calculations of ࣂሺࢠሻ, ࣂᇱሺࢠሻ, ࡮ሺࢠሻ, ࡸሺࢠሻ 
 
For a non-load member segment, the differential equilibrium equation is a homogeneous 
equation, given by Eq. (B.1), and the solution is Eq. (B.2).  
ߠᇱᇱᇱᇱሺݖሻ െ ቀ௞௟ቁ
ଶ ߠᇱᇱሺݖሻ ൌ 0                                                 (B.1) 
ߠሺݖሻ ൌ ܥଵ ൅ ܥଶݖ ൅ ܥଷݏ݄ ௞௭௟ ൅ ܥସ݄ܿ
௞௭
௟                                         (B.2) 
where ܥ௜ሺ݅ ൌ 1,2,3,4ሻ are undetermined constants. The relation between the generalized 
displacement ߚሺݖሻ and rotation angle ߠሺݖሻ can be given by Eq. (B.3). Substituting Eq. (B.2) 
into Eq. (B.3), Eq. (B.4) is obtained. 
ߚᇱሺݖሻ ൌ ଵజ ൤ߠᇱሺݖሻ െ
௅ሺ௭ሻ
ீ௃ഐ൨                                                   (B.3) 
ߚᇱሺݖሻ ൌ ଵజ ቂܥଶ ൅ ܥଷ
௞
௟ ݄ܿ
௞௭
௟ ൅ ܥସ
௞
௟ ݏ݄
௞௭
௟ െ
ଵିజ
ீ௃೏ ܮሺݖሻቃ                              (B.4) 
Because there is no load for the considered member segment, the torque along the segment is 
unchanged, that is,  ܮሺݖሻ ൌ constant and we get the following equations. 
ܤሺݖሻ ൌ െܧଵܬఠഥߚᇱᇱ ൌ െܩܬௗ ቀܥଷݏ݄ ௞௭௟ ൅ ܥସ݄ܿ
௞௭
௟ ቁ                                (B.5)            
ܮሺݖሻ ൌ ܩܬௗߠᇱ െ ܧଵܬఠഥߚᇱᇱᇱ ൌ ܩܬௗܥଶ                                           (B.6) 
Assuming at ݖ ൌ 0 section, the initial parameters are: 
ߠሺ0ሻ ൌ ߠ଴, ߚᇱሺ0ሻ ൌ ߚ଴ᇱ , ܤሺ0ሻ ൌ ܤ଴, ܮሺ0ሻ ൌ ܮ଴                           (B.7a)-(B.7d) 
Substituting the above equations into Eqs. (B.2), (B.4), (B.5), and (B.6), respectively, the 
following results are obtained. 
ߠ଴ ൌ ܥଵ ൅ ܥସ                                                            (B.8) 
ߚ଴ᇱ ൌ ଵజ ቀܥଶ ൅ ܥଷ
௞
௟ െ
ଵିజ
ீ௃೏ ܮ଴ቁ                                                (B.9) 
ܤ଴ ൌ െܩܬௗܥସ                                                           (B.10) 
ܮ଴ ൌ ܩܬௗܥଶ                                                             (B.11)            
Solving the above four equations jointly, the constants  ܥ௜ሺ݅ ൌ 1,2,3,4ሻ  are obtained. 
ܥଵ ൌ ஻బீ௃೏ ൅ ߠ଴                                                           (B.12)            
ܥଶ ൌ ௅బீ௃೏                                                               (B.13)            
ܥଷ ൌ జ௟௞ ቀߚ଴ᇱ െ
௅బ
ீ௃೏ቁ                                                       (B.14)            
ܥସ ൌ െ ஻బீ௃೏                                                             (B.15)            
Substituting the constants into Eqs. (B.2), (B.4), (B.5), and (B.6), the displacements and 
internal forces at any section can be expressed using the initial parameters, which are written 
as the following matrix equations. 
ሼܼሺݖሻሽ ൌ ሾܲሺݖሻሿሼܼ଴ሽ                                                     (B.16)            
ሼܼሺݖሻሽ ൌ ቄߠሺݖሻ ߚᇱሺݖሻ				െ ஻ሺ௭ሻீ௃೏
௅ሺ௭ሻ
ீ௃೏ቅ
்
                                      (B.17)            
ሼܼ଴ሽ ൌ ቄߠ଴ ߚ଴ᇱ 				െ ஻బீ௃೏
௅బ
ீ௃೏ቅ
்
                                             (B.18)            
ሾܲሺݖሻሿ ൌ
ۏێ
ێێ
ێ
ۍ 1						 ௟జ௞ ݏ݄
௞௭
௟ 						݄ܿ
௞௭
௟ െ 1							ݖ െ
௟జ
௞ ݏ݄
௞௭
௟
0										݄ܿ ௞௭௟ 												
௞
జ௟ ݏ݄
௞௭
௟ 							1 െ ݄ܿ
௞௭
௟
0								 ௟జ௞ ݏ݄
௞௭
௟ 									݄ܿ
௞௭
௟ 										െ
௟జ
௞ ݏ݄
௞௭
௟		0													0																	0																							1												ے
ۑۑ
ۑۑ
ې
                           (B.19)           
For simple supports, the boundary conditions are as follows. 
ߠሺ0ሻ ൌ 0, ܤሺ0ሻ ൌ 0                                              (B.20a)-(B.20b) 
ߠሺ݈ሻ ൌ 0, ܤሺ݈ሻ ൌ 0                                               (B.20c)-(B.20d) 
At ݖ ൌ 0 section, the initial matrix-vector  ሼܼሺݖሻሽ  is  
ሼܼሺ0ሻሽ ൌ ቄ0 ߚ଴ᇱ 0				 ௅బீ௃೏ቅ
்
                                              (B.21)            
For a member subject to a uniformly distributed torque ݉  along the length, the matrix-
vector  ሼܼሺݖሻሽ at any section can be written as 
ሼܼሺݖሻሽ ൌ ሾܲሺݖሻሿሼܼሺ0ሻሽ െ ׬ ሾܲሺݖ െ ݓሻሿሼܼሺݓሻሽ݀ݓ௭଴                             (B.22)           
where 
ሼܼሺݓሻሽ ൌ ቄ0 0 0				 ௠ீ௃೏ቅ
்
                                              (B.23)            
The result is 
ሼܼሺݖሻሽ ൌ
ۏ
ێ
ێ
ێ
ێ
ێ
ۍ௟జ௞ ݏ݄
௞௭
௟ ߚ଴ᇱ ൅
௅బ
ீ௃೏ ቀݖ െ
௟జ
௞ ݏ݄
௞௭
௟ ቁ െ
௠
ீ௃೏ ቂ
௭మ
ଶ ൅
௟మజ
௞మ ቀ1 െ ݄ܿ
௞௭
௟ ቁቃ
݄ܿ ௞௭௟ ߚ଴ᇱ ൅
௅బ
ீ௃೏ ቀ1 െ ݄ܿ
௞௭
௟ ቁ െ
௠
ீ௃೏ ቀݖ െ
௟జ
௞ ݏ݄
௞௭
௟ ቁ
௟జ
௞ ݏ݄
௞௭
௟ ߚ଴ᇱ െ
௅బ
ீ௃೏
௟జ
௞ ݏ݄
௞௭
௟ െ
௠
ீ௃೏
௟మజ
௞మ ቀ1 െ ݄ܿ
௞௭
௟ ቁ
௅బ
ீ௃೏ െ
௠
ீ௃೏ ݖ ے
ۑ
ۑ
ۑ
ۑ
ۑ
ې
             (B.24)            
Substituting Eqs. (B.20c) and (B.20d) into the first and third rows of Eq. (B.24), respectively, 
the initial parameters are obtained. 
ܮ଴ ൌ ଵଶ݈݉                                                              (B.25)            
ߚ଴ᇱ ൌ ௠௟ଶீ௃೏ ቂ1 ൅
ଶሺଵି௖௛௞ሻ
௞௦௛௞ ቃ                                                   (B.26)            
The values of ߠሺݖሻ, ߠᇱሺݖሻ	, ܤሺݖሻand	ܮሺݖሻ at any section for beams subject to a uniformly 
distributed torque can be described by the following formulae, in which the initial parameters 
were obtained from Eqs. (B.25) and (B.26). 
ߠሺݖሻ ൌ ௟జ௞ ݏ݄
௞௭
௟ ߚ଴ᇱ ൅
௅బ
ீ௃೏ ቀݖ െ
௟జ
௞ ݏ݄
௞௭
௟ ቁ െ
௠
ீ௃೏ ቂ
௭మ
ଶ ൅
௟మజ
௞మ ቀ1 െ ݄ܿ
௞௭
௟ ቁቃ                 (B.27)            
ߠᇱሺݖሻ ൌ ߥ݄ܿ ௞௭௟ ߚ଴ᇱ ൅
௅బ
ீ௃೏ ቀ1 െ ߥ݄ܿ
௞௭
௟ ቁ െ
௠
ீ௃೏ ቀݖ െ
௟ఔ
௞ ݏ݄
௞௭
௟ ቁ                        (B.28)            
ܤሺݖሻ ൌ െܩܬௗ ௟జ௞ ݏ݄
௞௭
௟ ߚ଴ᇱ ൅ ܮ଴
௟జ
௞ ݏ݄
௞௭
௟ ൅ ݉
௟మజ
௞మ ቀ1 െ ݄ܿ
௞௭
௟ ቁ                        (B.29)            
ܮሺݖሻ ൌ ܮ଴ െ ݉ݖ                                                         (B.30) 
 
  
  
 
 
Fig. 1 Hollow flange channel sections and applications 
 
 
 
                      
    
                  (a) Shear flow distribution        (b) Imaginary open section 
 
Fig. 2 Shear flow in hollow flange channel sections 
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Fig. 3 Illustration of calculation sequences   Fig. 4 Warping normal stress distribution 
 
 
 
 
 
Fig. 5 Illustration of torque distribution 
 
 
 
 
Fig. 6 Torsion capacities of hollow flange channel sections 
 
 
 
A O
y
x
B
C
b
a
h
1
2
3 4
5
6
s
A O x
+
_
+
+
_
_+
1
2(6)
3 4
5
y
l
zm
y x
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
2 3 4 5 6 7 8 9 10
M
t (
kN
·m
)
Span(m)
300x75x25x3.0
250x75x25x3.0
200x75x25x3.0
300x60x20x3.0
300x60x20x2.5
300x60x20x2.0
200x60x20x2.0
200x45x15x2.0
150x45x15x2.0
 
 
            
   (a) Section cells                         (b) Beam model 
 
Fig. 7 Finite element model of hollow flange channel section 
 
 
 
   
   (a) Section cells                         (b) Beam model 
 
Fig. 8 Finite element model of lipped channel section 
 
 
 
 
Fig. 9 Twisting of lipped channel section 
 
 
 
 
 
 
 
 
Fig. 10 Twisting of HFC Section 1 with 2m span 
 
 
 
Fig. 11 Comparison of angle of twist at mid-span 
 
 
 
Fig. 12 Comparison of bimoment for HFC Section 1 at mid-span 
 
 
 
Fig. 13 Transverse load distribution 
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(a) Effect of section depth 
 
 
(b) Effect of thickness 
 
 
 
(c) Effect of flange size 
 
Fig. 14 Effects of section parameters on q* 
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(a) Varying depths 
 
 
(b) Varying flanges with section depth =200mm 
 
 
(c) Varying flanges with section depth =300mm 
 
Fig. 15 ࡹ࢞∗/ࡹ࢈࢞ versus span curves 
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Table 1 HFC Section dimensions and constants 
Section Dimensions (mm) Shear centre Generalized principal fan-shaped area coordinates 
Principal  
warping 
constant 
No. ݀ୟ,ୣ ൈ ௙ܾ
ୠ,ୣ ൈ ݀௙௖,௘
ൈ ݐௗ ݔ஺ሺ݉݉ሻ ഥ߱ଵሺ݉݉
ଶሻ ഥ߱ଶ,଺ሺ݉݉ଶሻ ഥ߱ଷሺ݉݉ଶሻ ഥ߱ସሺ݉݉ଶሻ ഥ߱ହሺ݉݉ଶሻ ܬఠഥ ሺ݉݉଺ሻ 
1 300ൈ75ൈ25ൈ3.0 -50.4 0 3646.85 3910.37 -4826.91 -6674.42 1.7317E+10 
2 250ൈ75ൈ25ൈ3.0 -52.9 0 2994.45 3272.78 -3664.50 -5526.82 1.0999E+10 
3 200ൈ75ൈ25ൈ3.0 -55.5 0 2287.53 2574.66 -2562.62 -4433.75 6.3094E+09 
4 300ൈ60ൈ20ൈ3.0 -36.9 0 2872.07 3020.76 -4252.14 -5369.82 9.5331E+09 
5 300ൈ60ൈ20ൈ2.5 -37.4 0 2898.38 3050.04 -4262.05 -5419.95 8.1735E+09 
6 300ൈ60ൈ20ൈ2.0 -37.9 0 2924.35 3078.91 -4271.83 -5470.39 6.7252E+09 
7 200ൈ60ൈ20ൈ2.0 -42.7 0 1924.80 2105.27 -2345.47 -3569.94 2.4585E+09 
8 200ൈ45ൈ15ൈ2.0 -29.1 0 1453.35 1543.27 -2024.96 -2673.88 1.1485E+09 
9 150ൈ45ൈ15ൈ2.0 -31.5 0 1074.80 1174.09 -1319.14 -1977.43 5.6147E+08 
ad =Section depth; b bf =Flange width; c df =Flange depth; dt =Thickness; e d, bf , df =External dimensions 
 
 
 
Table 2 Warping factors 
Section  No. 1 2 3 4 5 6 7 8 9 
ࡶࢊሺ࢓࢓૝ሻ 322582 322132 321682 154631 136372 115429 115162 45099 44965 
ࡶ࣋ሺ࢓࢓૝ሻ 18522031 13044437 8618686 14514865 12230892 9893520 4500929 3257550 1864866 
ૅ ൌ ૚ െ ࡶࢊ ࡶ࣋⁄  0.983 0.975 0.963 0.989 0.989 0.988 0.974 0.986 0.976 
 
 
 
Table 3 Dimensions of cold-formed lipped channel sections [25]  
Section Section depth (mm) 
Flange width 
(mm) 
Flange depth 
(mm) 
Thickness 
(mm) 
Corner  
Inside radius 
(mm) 
C10019 102 51 14.5 1.9 5 
C10010 102 51 12.5 1.0 5 
 
 
 
Table 4 Section properties of cold-formed lipped channel sections 
Section  Area Moment of inertia Torsion constant 
Warping 
constant 
  ܣሺmmଶሻ ܫ௫ሺmmସሻ ܫ௬ሺmmସሻ ܬሺmmସሻ ܫఠሺmm଺ሻ 
C10019 Ref.[25] 408.40 671540 141770 491.44 3.1067E+08 
 FEA 408.80 673069 142334 499.96 3.1200E+08 
C10010 Ref.[25] 215.34 363090 75244 71.78 1.6016E+08 
 FEA 215.50 363745 75462 76.27 1.6075E+08 
 
 
 
 
 
Table 5 Comparison of mid-span twist angle and bimoment 
Section ݈	(mm) ߠሺ݈/2ሻ (rad)  ܤሺ݈/2ሻ (Nmm2)  
  Eq. (37) FEA Ratio Eq. (38) FEA Ratio 
C10019 1000 1.97E-4 1.98E-4 0.996 1.18E+5 1.18E+5 1.000 
 2000 2.69E-3 2.67E-3 1.005 3.98E+5 3.97E+5 1.003 
 3000 1.09E-2 1.08E-2 1.008 7.13E+5 7.09E+5 1.005 
C10010 1000 3.99E-4 4.01E-4 0.996 1.23E+5 1.23E+5 1.000 
 2000 6.08E-3 6.05E-3 1.005 4.66E+5 4.65E+5 1.004 
 3000 2.84E-2 2.81E-2 1.011 9.68E5 9.60E+5 1.008 
 
 
Table 6 Comparison of section constants 
Section ࡶࢊሺ࢓࢓૝ሻ  ࢞࡭ሺ࢓࢓ሻ  ࡶ࣓ഥሺ࢓࢓૟ሻ  
No. Eq. (7) FEA Ratio Eq. (24a) FEA Ratio Eq. (12) FEA Ratio 
1 322582 337250 0.957 -50.4 -50.6 0.996 1.7317E+10 1.8038E+10 0.960 
2 322132 336780 0.957 -52.9 -53.1 0.996 1.0999E+10 1.1672E+10 0.942 
3 321682 336300 0.957 -55.5 -55.8 0.995 6.3094E+09 6.9069E+09 0.913 
4 154631 163540 0.946 -36.9 -37.1 0.995 9.5331E+09 9.7469E+09 0.978 
5 136372 142830 0.955 -37.4 -37.6 0.995 8.1735E+09 8.3741E+09 0.976 
6 115429 119810 0.963 -37.9 -38.1 0.995 6.7252E+09 6.9062E+09 0.974 
7 115162 119540 0.963 -42.7 -42.9 0.995 2.4585E+09 2.6177E+09 0.939 
8 45099 47386 0.952 -29.1 -29.2 0.997 1.1485E+09 1.1846E+09 0.970 
9 44965 47247 0.952 -31.5 -31.7 0.994 5.6147E+08 5.9457E+08 0.944 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
